Abstract: Controlled release drug delivery systems enable the sustained release of bioactive molecules, and increase bioavailability over an extended length of time. Biocompatible and biodegradable materials such as polycaprolactone (PCL) nanofibers and alginate hydrogel play a significant role in designing controlled release systems. Prolonged release of bioactive molecules is observed when these polymer materials are used as matrices independently. However, there has not been a report in the literature that shows how different molecules are released at various rates over time. The goal of this study is to demonstrate a novel drug delivery system that has a property of releasing designated drugs at various rates over a defined length of time. We fabricated multilayer nanofiber-hydrogel meshes using electrospun PCL nanofiber and alginate hydrogel, and evaluated their controlled release properties. The multilayer meshes are composed of sandwiched layers of alternating PCL nanofibers and alginate hydrogel. Adenosine triphosphate (ATP), encapsulated in the designated hydrogel layers, is used as a mock drug for the release study. The exposed top layer of the meshes demonstrates a dramatically higher burst release and shorter release time compared to the deeper layers. Such properties of the different layers within the meshes can be employed to achieve the release of multiple drugs at different rates over a specified length of time.
Introduction
Innovation in nanomaterial and engineering is the driving force of the advancement of regenerative medicine. It is desirable that the scaffolds used in tissue growth possess properties such as biodegradability, cell attachment and growth, and controlled release of bioactive molecules. Biodegradable and biocompatible electrospun nanofibers exhibit structural and topographical features that are conducive for in vitro growth and proliferation of a variety of cells. Another class of scaffolding nanomaterial, hydrogel, not only provides a 3D microenvironment but also is an excellent matrix for the controlled release of bioactive signaling molecules. The combinatorial engineering of nanofibers and hydrogel should generate novel materials with more desirable properties.
Both electrospun nanofibers [1, 2] and hydrogel scaffolds [3, 4] are used extensively in in vitro for cell growth and tissue engineering. Among various biodegradable and biocompatible polymer materials, polycaprolactone (PCL) is preferentially electrospun to fabricate scaffolds for various applications, ranging from neurite growth [5] , cartilage [6, 7] and bone engineering [8, 9] , drug release [10, 11] , and expansion of genetically modified cancer cells [12, 13] . Alginates, natural polysaccharide polymers isolated from a brown seaweed, Phaeophyceae, form hydrogel instantly in the presence of divalent cations (i.e., Ca 2+ ), and are used widely as food additives and a drug delivery system [14] . Due to their hydrophilicity and swelling properties, hydrogel is a good medium for the controlled release of hydrophilic drugs [14, 15] . Release kinetics of a variety of bioactive molecules (including growth factors, proteins, DNA and drugs) from alginate gels have been evaluated in numerous studies [16] [17] [18] . Similarly, a hydrophobic polymer PCL is electrospun into nanofiber scaffolds for drug delivery [11, [19] [20] [21] . While both PCL and alginate hydrogel are widely used in delivery of bioactive molecules, it is difficult to achieve the controlled release (i.e., releasing multiple molecules at different rates over a various length of time) from the monolithic matrices (i.e., PCL or alginate) due to the homogeneity of the encapsulation and diffusion based release mechanisms. Extended or sustained release can be achieved by using blended or monolithic matrix materials; however, the burst release is difficult to circumvent [22] . Extended release of proteins from coaxial PCL nanofibers is demonstrated by using core-sheath nanofibers, in which proteins are encapsulated in aqueous polyethylene glycol (PEG) core and PCL as the sheath of the nanofibers [19, 20] . The hydrophobic sheath (PCL) prevents the release burst of hydrophilic agents (i.e., proteins) from the core PEG to extend the delivery time. Although the release time can be extended, such a sustained release of bioactive agents from a monolithic scaffold or matrix is not suited to provide multiple bioactive molecules with different concentrations over a various length of time, which is necessary for the different stages of stem cell differentiation [23, 24] . Studies of certain growth factors used with controlled release matrices demonstrate that sustained release over a period of two or three weeks enables desired stem cell behaviors (either maintenance of stemness or differentiation) in vitro [25, 26] .
The aim of this study is to construct multilayer nanofiber-hydrogel meshes with alternating layers of PCL nanofibers and alginate hydrogel for the purpose of releasing multiple bioactive molecules from different layers of a multilayer mesh at different release rates over a various length of time. We fabricated multilayer nanofiber-hydrogel meshes using electrospun PCL nanofibers and CaCl2-triggered polymerization of alginate hydrogel. Adenosine triphosphate (ATP) was used as a drug release model compound, blending in the alginate aqueous solution prior to the gel polymerization. ATP was specifically chosen as a mock drug for hydrophilic small molecule growth factors and oligonucleotides. Furthermore, its molecular size is comparable to that of many drugs, vitamins and some hormones. While ATP can be blended into PCL nanofibers, the other hydrophilic bioactive molecules might not be compatible with PCL and the organic solvents. In this study, ATP is readily encapsulated in any specific hydrogel layers of the meshes, and its release in the surrounding can be detected with ultrahigh sensitivity. Commercially available luminescence ATP assay kits detect fM ATP released from a few human cells in a culture medium [27] . To our best knowledge, there is no other release study method reported in the literature as sensitive as ATP assay. Our data show that ATP encapsulated in layers with closer proximity to the aqueous surrounding releases faster than that in the farther distant layers. This finding suggests that such a differential release pattern can be employed to deliver multiple bioactive molecules with different concentrations at different release rates over a various designated length of time. Furthermore, the multilayer construct provides the capabilities of encapsulation of different drugs in different layers and the modulation of their release kinetics individually, and prevents burst release of the drugs.
Experimental Section

Materials
PCL (MW 80,000 Da), Alginate Sodium (MW 80,000-120,000 Da), and CaCl2 were purchased from Sigma-Aldrich (St Louis, MO, USA) and used as received. Dichloromethane (DCM) and N,N-Dimethylformamide (DMF) were purchased from Acros Organics (Monroeville, NJ, USA). Phosphate buffer saline (PBS), penicillin/streptomycin, trypan blue and 24 well plates were purchased from Fisher Scientific (Waltham, MA, USA). The K562 leukemia cell line, Iscove's Modified Dulbecco's Medium (IMDM), and fetal bovine serum (FBS) were obtained from the American Type Culture Collection (ATCC) (Manassas, VA, USA). ATPlite 1 step assay kit was purchased from Perkin Elmer Inc. (Waltham, MA, USA). An ultrasonic cleaner M1800H (Branson Ultrasonics, Danbury, CT, USA) was used to dissolve PCL in solution. In house electrospinning apparatus setup, with components of ES30P-5W high voltage supply (Gamma High Voltage Research Inc. Ormond Beach, FL, USA), syringe pump, syringes, and blunt needles (Thermo Fisher Scientific, Waltham, MA, USA), were used for electrospinning. An oxygen plasma cleaner, PDC-32G (Harrick Plasma, Ithaca, NY, USA), was used to sterilize and make PCL nanofiber mesh surface hydrophilic. A Toggle Press, a 15 mm circular die, and a Dog-bone shape die were purchased from Pioneer Die-tecs (Weymouth, MA, USA). A Shimadzu Autograph AGS-X with 10 N Load-cell and digital video extensometer (Shimadzu Corp, Columbia, MA, USA) were used to determine Young's Module of the nanofiber meshes. A SpectraMax L luminescence microplate reader (Sunnyvale, CA, USA) was used to perform the ATP release assay. A level A2 biosafety cabinet, an isotemp CO2 incubator and a Life Technologies Countess II automated cell counter were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
Electrospun Nanofiber Meshes
PCL nanofiber meshes were fabricated following the procedure described in Borjigin et al. [12] . Briefly, PCL pellets were dissolved to make a 13.5% (w/v) solution in a solvent mixture consisting of dichloromethane (DCM) and N,N-dimethylformamide (DMF) with a ratio of 4:1 (v/v). An ultrasonic cleaner M1800H (Branson Ultrasonics, Danbury, CT, USA) was used to make homogeneous solutions. The PCL nanofiber meshes were fabricated using an electrospinning apparatus composed of ES30P-5W high voltage supply (Gamma High Voltage Research Inc. Ormond Beach, FL, USA), syringe pump, syringes, and blunt needles (Thermo Fisher Scientific, Waltham, MA, USA). The PCL solutions were pumped at flow rate of 0.5 mL/h using a syringe pump while a potential of 12 kV was applied between the spinneret (a 22-gauge needle) and a grounded aluminum foil collector located 12 cm away from the spinneret.
Fabrication of Multilayer Nanofiber-Hydrogel Meshes
Alginate sodium was dissolved in water to make a 0.5% (w/v) aqueous solution. For ATP release assay, a 10 μM ATP containing 0.5% alginate aqueous solution was made by mixing an appropriate amount of stock solution of ATP into the alginate. The ATP encapsulated alginate hydrogel layer was fabricated onto the PCL nanofiber meshes using a two-step procedure: First, CaCl2 solution was applied onto the top surface of the PCL nanofiber mesh by dipping the mesh-attached nanofiber collector briefly into a 0.1% (w/v) aqueous CaCl2 solution. Second, alginate hydrogel was facilely fabricated onto the CaCl2 wetted mesh surface by the same fashion of dipping the collector into the 10 μM ATP containing 0.5% alginate solution. The PCL nanofiber layer was electrospun for 20 min onto the hydrogel surface, and the meshes were treated with an oxygen plasma cleaner PDC-32G (Harrick Plasma, Ithaca, NY, USA) for 5 min to sterilize and make its surface hydrophilic for the next layer of hydrogel deposition. The cycle of electrospinning, plasma treatment, CaCl2 wetting, hydrogel polymerization was repeated for designated number to make three-, five-, seven-, and eight-layer nanofiber-hydrogel meshes.
Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) was used to visualize the texture of the fiber membranes and the surface topography of the electrospun fibers. The fiber membranes were placed on an aluminum mount-M4 (cat # 75610) (Electron Microscopy Sciences, Hatfield, PA, USA) and coated with Au/Pt using a Denton Bench Top Turbo III carbon evaporator (Denton Vacuum, Moorestown, NJ, USA) prior to imaging under a Hitachi S4700 Field Emission Scanning Electron Microscope (Hitachi High Technologies, Tokyo, Japan) with magnification between 400 and 6000 folds.
Tensile Testing
Nanofiber meshes along with the aluminum foil collector substrate were cut into a Dog-bone shape using a Toggle Press (Pioneer Die-tecs, Weymouth, MA, USA). The aluminum foil collector at the central region of the dog-bone shape sample was carefully detached from the nanofiber, and was cut to make the specimen alone to be subjected to the tensile force during the measurement. The gauge length and width of the specimen were determined by the Shimadzu Autograph AGS-X micro-tensile tester (Shimadzu Corp, Columbia, MA, USA), and the thickness of the mesh was obtained from the SEM measurement. The tensile testing of the specimen was performed using the Shimadzu Autograph AGS-X micro-tensile tester with a 10 N load cell and digital video extensometer at ambient temperature and humidity of 65%, setting the cross-head speed at 5 mm/min. The rigidity (Young's Modulus, E = ) was calculated using the machine associated software Trapezium X at the initial linear region of the stress-strain curve.
ATP Release Kinetics
A standard curve of ATP concentration versus luminescence intensity of the luciferin-luciferase reaction was generated using ATPlite one step Assay kit (Perkin Elmer Inc. Waltham, MA, USA) according to the manufacturer's instruction. The dual injection module of SpectraMax L luminescence microplate reader (Sunnyvale, CA, USA) was used to capture the flash luminescence of the reactions. Fifteen millimeter-diameter circular nanofiber-hydrogel meshes along with the aluminum collector were cut using a Toggle Press and a circular die (Pioneer Die-tecs, Weymouth, MA, USA). The triplicate samples of meshes with three-, five-, seven-, and eight-layers were submerged in 0.5 mL PBS buffer in 24 well plates were subjected to ATP release study. The PBS buffer was collected and replaced with fresh buffer every 24 h, and stored at -20 °C until all samples were ready for measurement.
Cytotoxicity Assessment
A leukemia cell line, K562, was used to evaluate the cytotoxicity of the multilayer meshes. The meshes were cut into 15 mm diameter circular pieces using a circular die and a Toggle Press (Pioneer Die-tecs, Weymouth, MA, USA), sterilized with 70% alcohol for 30 min, rinsed, and placed in 0.5 mL Iscove's Modified Dulbecco's Medium (IMDM) (ATCC, Manassas, VA, USA) containing 24 well plates. In each well, 2.5 × 10 5 cells were seeded, and the medium was changed every other day over the course of an eight-day period. Cell viability was measured every 24 h using a Countess II automated cell counter (Thermo Fisher Scientific, Waltham, MA, USA).
Statistical Analysis
All treatments and controls for the release study and cell viability assays were conducted in triplicate, and the data are expressed as mean ± sd. Statistical analysis for release kinetics and cell viability assays were carried out using One Way ANOVA of SigmaPlot 13.0. The difference of the data at P < 0.05 was considered significant when a more stringent normality test (Shapiro-Wilk) was used. When the difference was not great enough, a less stringent test Kruskal-Wallis One Way ANOVA was conducted at P < 0.05.
Results and Discussion
Scanning Electron Microscopy Characterization
The multilayer nanofiber-hydrogel meshes were fabricated using the procedure described in Section 2.3 above, and a diagram is shown in Figure 1A . SEM micrographs show the topography and texture of the different material layers. When an alginate hydrogel is deposited as the top layer, it exhibits a thin film topology. The layer of PCL nanofiber mesh is revealed when a multilayer sample is dried and the top hydrogel layer of the sample is cracked ( Figure 1B) . The cross section images of the multilayer nanofiber-hydrogel meshes is shown in Figure 1C ,D. A freeze-snap treatment of a mesh in liquid nitrogen generates an irregular shape cross section edge ( Figure 1C) , while a neater looking cross section is obtained when the mesh is cut in liquid nitrogen ( Figure 1D ). During the coating and SEM imaging, the samples were kept dry, and the hydrogel layers appeared as thin films. Therefore, the measurement of hydrogel thickness did not reflect the actual gel thickness in an aqueous environment. Since the PCL nanofiber layers are fairly elastic and malleable compared to the alginate layers in the meshes, it is very difficult to produce a clean-cut cross section. We tried both the freeze-snap method and cutting in liquid nitrogen to generate the cross section of the multilayer samples. The alginate layer tends to shear during the freeze-snap treatment, and cutting in liquid nitrogen generates a smashed cross section.
Micro-Tensile Testing
Rigidity of the meshes was measured under both dry and wet conditions to assess whether the wet environment affects the sample stiffness, which is important for cell growth. Although the PCL nanofiber mesh is biodegradable, it does not readily dissolve in water or culture medium. The degradation time in vitro is more than six months, depending on the diameter of the fibers [28] . The rigidity or Young's modulus was determined by calculating the slope of linear region of the stress-strain curve, namely E = . The rigidity value of the dry nanofiber mesh is 15.59 MPa, while that of the wetted PCL nanofiber mesh (soaked in water for 20 min) is 11.55 MPa (Figure 2A,B) . Apparently, the maximum stress for wetted mesh increases by more than 1.0 MPa, its rigidity decreases by 4.04 MPa compared to the dry mesh. It is also observed that the strain (%) is dramatically increases for the wetted mesh ( Figure 2B ). Stiffness of a scaffold is an essential parameter for the biomaterial assessment in tissue engineering and drug delivery [29, 30] . Optimal stiffness and the strength of a scaffold not only provide a conducive environment for tissue growth but also improve the effectiveness of engraft. Since the intended application of the multilayer nanofiber-hydrogel meshes is in the drug delivery and tissue engineering, the mechanical characterization becomes necessary. The elastic modulus value of PCL nanofiber meshes determined in this study is comparable to those in other studies [31, 32] , and is even very close to the data generated on single PCL fibers [33] .
Correlation of Release Kinetics to the Number of Layers
The commercially available ATP detection assay is extremely sensitive and robust. The correlation between the logarithm of ATP concentration and the logarithm of emitting luminescence intensity possess a linear correlation over a spectrum of seven orders ( Figure 3A) . It is used as the standard curve to calculate the amount of ATP release throughout this study. The ATP encapsulated meshes were constructed on aluminum foil collector substrates, alternating electrospun nanofiber and hydrogel ( Figure 1A) . The bottom layer of the multilayer meshes is an electrospun nanofiber layer attached to the aluminum foil collector substrate. The three-layer meshes are consisted of one layer of hydrogel sandwiched between top and bottom layers of nanofiber meshes. In the similar fashion, five-and seven-layer meshes have two and three hydrogel layers sandwiched in the nanofiber-hydrogel meshes, respectively. ATP is encapsulated in hydrogel layers by mixing in hydrogel aqueous solution prior to its polymerization on a nanofiber mesh. Bulk release was evaluated with the increasing number of the ATP containing alginate hydrogel layers in the meshes. The sustained release profile of ATP and the initial release burst pattern for the multilayer are of particular interests to drug release applications. The PCL nanofiber layer is hydrophobic, and plays a role as a barrier between alginate hydrogel and the aqueous environment. Such an insulation or wrapping by PCL layers prevents initial burst release of ATP from the hydrogel. When the insulation layer number increases, the initial release burst should decrease. Similarly, the length of release time can be modulated conveniently by adjusting the layer number of the multilayer nanofiber-hydrogel meshes.
The cumulative ATP release data show that 58.5% ± 4.0% of the encapsulated ATP is released on day 1 from the three-layer meshes, containing a single hydrogel layer ( Figure 3B ). In comparison, 39.0% ± 3.5% and 17.4% ± 5.1% of initial release burst occurs in the five-and seven-layer meshes, respectively ( Figure 3B ). The statistical difference between the three-layer mesh data and those of five-and seven-layer meshes is significant (P < 0.001) when the data is analyzed with the stringent normality test (Shapiro-Wilk) of SigmaPlot 13.0 One Way ANOVA module. Although the pairwise analysis of all three intact data together does not generate a statistically significant difference, the initial two day data exhibit a significant difference (P < 0.05). Following day 3 and on, the normality test on five-and seven-layer samples does not generate a difference at P < 0.01. This suggests that the difference of the controlled release capacity between five-and seven-layer samples is negligible after a three day release, which might be due to the layer number of the meshes being too few and too close.
Importantly, the trend of the decrease of initial release burst correlates well with the increasing number of the nanofiber layer "insulation or wrapping" between the hydrogel layers. Furthermore, the length of the release time also extends with increasing layer number of the multilayer meshes. While the release kinetics of three-layer meshes reaches a plateau before day 11 ( Figure 3B ), those of five-and seven-layer meshes do not reach until day 17 and 21, respectively. Such a modulation of initial release burst, release at a specific rate and elongation of release time are desired properties of a controlled release system.
Differential Release Kinetics for Designated Layers
Due to the ease of fabrication of the multilayer meshes and drug encapsulation, multiple types of bioactive molecules can be enclosed at various concentrations in different layers of the meshes to achieve the release of a defined amount of different drugs over a specific length of time. To evaluate the capacity of releasing various drugs simultaneously at specific rates but with a different concentration and length of time, we set up a series of simple experiments to study the ATP release kinetics from designated layers of multilayer meshes. Here, ATP is encapsulated in only one designated hydrogel layer of each eight-layer meshes, and the release patterns for different layers are compared (Figure 4) . Presumably, the top layer releases ATP faster with a larger burst release, and the buried layers release slower with minimum burst release. Such a differential release kinetics property has advantages of releasing multiple drugs that are discretely encapsulated in designated layers of the multilayer meshes with desired rates and a length of time. The release of ATP encapsulated in the top hydrogel layer exhibits remarkable initial release burst characteristics by releasing 69.9% ± 1.2% on day 1 (Figure 4) . In contrast, the release burst decreases drastically to 8.6% ± 0.7% for the 2nd layer hydrogel (3rd layer from the surface of the eight-layer nanofiber-hydrogel meshes). The release burst for 3rd and 4th hydrogel layers (5th and 7th layer from the surface) is lowered even further to 5.1% ± 0.2% and 3.3% ± 0.2%, respectively. There is a statistical difference between the data of all layers at P < 0.005 when the stringent normality test (Shapiro-Wilk) of One Way ANOVA analysis is used. Furthermore, the release amount stays low for the deeper buried hydrogel layers compared to the top layer, suggesting the depletion of the deeper layer encapsulated molecules takes a much longer time. This property can be applied to release different growth factors at different rates and duration of time by encapsulating them in designated layers of the multilayer meshes.
Cytotoxicity Assessment of Multilayer Nanofiber-Hydrogel Meshes
PCL and alginate are FDA-approved biomaterials. Electrospinning process for the fabrication of nanofiber meshes is proven to be safe. Alginate hydrogel is used for many drug delivery systems, and no known adverse effects on in vitro cell culture have been reported. While our long-term intent is to grow and modulate hematopoietic cells, K562 cells are a good model system for such studies. Although collagen blended poly(d,l-lactide-co-glycolide) nanofiber scaffolds used for capturing adherent K562 cells has been reported [34] , there is no report on the cytotoxic evaluation of electrospun PCL nanofibers on K562 cells in the literature.
We cultured K562 cells in 24-well plates in the presence of a five-layer nanofiber-hydrogel mesh, and evaluated the cell viability using the LifeTechnologies Countess II automated cell counter over the course of an eight-day period. The viability of the cells onto the mesh is comparable to that on the plate surface, reaching over 97.3% ± 0.6% ( Figure 5 ). There is no statistical difference between the control and treatment at P < 0.05 when the stringent normality test (Shapiro-Wilk) of One Way ANOVA analysis is used. When we lower the stringent level and use Kruskal-Wallis One Way ANOVA to analyze the data, there is still no significant difference (P < 0.05). These data demonstrate that the multilayer meshes are non-toxic to cells and safe to use for further applications. The viability of the cells for both control and treatment in the initial two days is lower than that in later days, which might be due to the adaptation period of the cell to the new medium and environment. 
Conclusions
The results of this study show that the facilely fabricated multilayer nanofiber-hydrogel meshes exhibit genuine controlled release properties, enabling the release of ATP from designated layers with different rates over a specified length of time. ATP encapsulated at the top layer of the meshes is released at a faster rate, a shorter release time, and a dramatically higher release burst compared to that at deeper layers in the meshes. This suggests that the multilayer meshes can be used to achieve the releasing of multiple drugs at different rates over a different length of time by encapsulating them discretely in designated layers.
